In the face of environmental change, species can evolve new physiological tolerances to cope with altered climatic conditions or move spatially to maintain existing physiological associations with particular climates that define each species' climatic niche. When environmental change occurs over short temporal and large spatial scales, vagile species are expected to move geographically by tracking their climatic niches through time. Here, we test for evidence of niche tracking in bird species of the Sierra Nevada mountains of California, focusing on 53 species resurveyed nearly a century apart at 82 sites on four elevational transects. Changes in climate and bird distributions resulted in focal species shifting their average climatological range over time. By comparing the directions of these shifts relative to the centroids of species' range-wide climatic niches, we found that 48 species (90.6%) tracked their climatic niche. Analysis of niche sensitivity on an independent set of occurrence data significantly predicted the temperature and precipitation gradients tracked by species. Furthermore, in 50 species (94.3%), site-specific occupancy models showed that the position of each site relative to the climatic niche centroid explained colonization and extinction probabilities better than a null model with constant probabilities. Combined, our results indicate that the factors limiting a bird species' range in the Sierra Nevada in the early 20th century also tended to drive changes in distribution over time, suggesting that climatic models derived from niche theory might be used successfully to forecast where and how to conserve species in the face of climate change.
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climatic niche ͉ geographic range ͉ elevational gradient ͉ occupancy dynamics N early a century ago, Joseph Grinnell (1) presented the concept of the ecological niche as the primary determinant of a species' range. Grinnell defined the niche as a set of environmental conditions that restricts each species, through ''physiological and psychological respects,'' to a geographical range where it can prosper. In particular, Grinnell (2) discussed the important role played by temperature in ultimately defining range boundaries, but noted that within the limits of physiological tolerance, numerous factors, including interspecific competition, can determine realized range boundaries. Since Grinnell, empirical explorations of species' range determinants have successfully related environmental limits to range boundaries through physiological knowledge (3) . At the same time, field and laboratory experiments have demonstrated that species interactions may also limit ranges (4, 5) and climatic associations can rapidly change when species are introduced to new environments (6) . Nevertheless, the concept that environmental limiting factors define the niche where a species can have a positive growth rate still remains the dominant explanation for range boundaries (7) , suggesting that the spatial extent of the range for most species is approximately equal to the geographical expression of a species' niche (8) .
Temporal sampling of changing environments makes it possible to measure the dynamic relationship between the environment, a species' climatic requirements, and its realized range. If ranges are shaped by physiological limitations that remain fixed over the time scale of comparison, then species ranges should also move across the landscape as averages and extremes of temperature, precipitation, and relative humidity change over short time spans (9) (10) (11) . This process, by which species follow limiting environmental boundaries through geographical space to remain in a favorable climatic space, is called niche tracking (10, 12, 13) . Niche tracking can occur when a local population in unfavorable climate conditions becomes extinct or when individuals colonize sites in newly favorable climates. Studies of both recent and paleontological climate change have examined niche tracking through range changes (14, 15) . If species track niches limited by temperature, then they should move upward in elevation or poleward in latitude as the climate warms. A global metaanalysis of 434 species that have shifted ranges indicated that 81% of species showed this expected pattern in response to recent climate change (16) . However, 19% moved in directions opposite that predicted by temperature, and many others did not change range. Studies that have explored life history factors as potential correlates of movement patterns have found no simple explanation (17) , and there is little empirical evidence for why species show heterogeneous responses (15) .
A more direct approach to examining the role of the niche in driving species response to climate change is necessary if these seemingly contradictory patterns are to be understood. Analyses of shifts in elevational or latitudinal range are used as proxies for shifting temperature gradients (18) , yet niches can be defined by any set of abiotic factors that may or may not covary with elevation or latitude (19, 20) . If the role of the niche in dynamically determining ranges is to be understood, multiple environmental facets of the niche need to be explored. Modern resurveys of areas with historical occurrence data provide unique opportunities to empirically test the role of niche tracking in driving species-specific responses to climate change (21) .
Here, we use a unique dataset of changes in avian site occupancy over the past century to test the degree to which 53 bird species distributed across an elevational gradient track a two-variable environmental niche through space and time. We expect species to have responded to climate change by modifying their ranges to remain within their preexisting climatic niche. Our data come from historical (1911-1929) surveys and contemporary (2003-2008) resurveys of 82 sites along four elevational transects throughout the Sierra Nevada of California (Fig.  1 ). These sites have seen an average change in breeding season climate toward warmer (ϩ0.80 Ϯ 0.07°C, mean Ϯ SE) and wetter (ϩ5.90 Ϯ 0.57 mm) conditions, revealing an overall increase in ecosystem net primary productivity (NPP). We examined changes in climatological range and site occupancy between the two survey periods and how these changes related to the climatic niches of species. We tested whether: (i) species have, on average, tracked their climatic niche over time (i.e., climatic range centroids moving toward the niche centroid, not away from it); (ii) environmental gradients tracked by a species can be predicted a priori based on climatological factors limiting historical distributions; and (iii) colonization and extinction probabilities at sites are modeled well by a site's climatological position relative to the niche centroid. Hutchinson (20) formalized the idea that the niche can be partitioned into the fundamental and realized portions. However, there is disagreement on whether the fundamental niche can be inferred from species occurrences (22, 23) or can only be measured from mechanistic analyses of physiological tolerances (4, 24) . Our goal here is not to define the complete ndimensional environmental niche for each species, but to determine an approximate set of climatic conditions in which species can occur, also known as the Grinnellian niche (25) . Analyses of climatic conditions throughout entire ranges of species theoretically provide suitable approximations of these conditions (26) . Furthermore, niche centroids provide measures of the distributional center of favorable climatic conditions (6) , avoiding the difficulties inherent in measuring and interpreting range boundaries in climate space (27, 28) . For instance, both source-sink dynamics (29) and the graded response of fitness to environmental conditions (30) might blur the appearance of a hard niche boundary. Consequently, we used the average historical temperature and precipitation observed across an entire species' range, as delimited by occurrences of historical (1860-1940) museum specimens, as the centroid of its climatic niche.
Defining the Climatic Niche and Quantifying Niche Tracking
Range change, and thus the ability of species to track their climatic niche, occurs at two primary spatial scales. At the scale of the site where individuals live, niche tracking during environmental change can lead to three outcomes (11) (Fig. 2A) . First, the site may remain within the climatic niche of the species despite climate change, allowing individuals to continue occupying it. Second, the local environment may shift outside of the climatic niche, leading to extinction at the site through reduced survival or reproductive success or emigration. Third, the local environment may shift inside the climatic niche, allowing colonization if dispersal occurs. Depending on the time scale, the magnitude of environmental change, the size of the niche, the ''hardness'' of niche boundaries, and other natural history characteristics of the organism, any or all of these outcomes may be expected results of climate change at the site level. Combinations of outcomes at sites are realized geographically as contractions, expansions, or stasis at the scale of the range (11) . Thus, changes in site occupancy driven by changing environmental conditions are manifested as range shifts (31) .
At both the site and range scales, empirical data can be used to explore whether outcomes are related to climatic changes relative to the niche. Given that the climate has generally become warmer and wetter in our study region over the last century (32, 33) , although with varying geographical context (Fig. 1B) , a species showing geographic range stasis would exhibit movement of its climatic range toward a warmer and wetter environment. If species do track their climatic niche, then this outcome would only be expected if warmer and wetter conditions were favorable; that is, the centroid of their climatic niche is warmer and wetter than where the species occurred before environmental change. In contrast, if climatic conditions shift away from the niche centroid, vagile species might adjust their occupancy by colonizing newly favorable sites or abandoning unfavorable sites (34) . This would result in an occupied range that tracks the climatic niche, despite the inertia of environmental change.
We first tested at the regional scale whether species tracked their climatic niche over time or moved independently. For each species we examined whether a temperature or precipitation shift in observed range mean (R T and R P ; Fig. 2B ) matched in sign with the environmental direction from the niche centroid to the observed historical range mean (H T and H P ; Fig. 2B and Table S1 ). For example, if the climatic niche centroid is cooler and wetter (e.g., Fig. 2D ) than the mean environment of the observed historical range, then an observed modern range that is also cooler and wetter than where the species was found historically would provide evidence for niche tracking on both axes.
We then examined site-specific occupancy dynamics as a predictive driver for niche tracking throughout a range. The occupancy modeling framework (35) allowed us to estimate colonization and extinction probabilities for sites, while taking into account the risk of false absences. Three models were used to test how turnover of occupancy related to the climatic position of sites relative to the climatic niche of a species (Fig. 3) . In the null model (Fig. 3A) , all sites have the same probability of The centroids of the observed occupied ranges for a species in each time period (asterisks: blue for historic and red for current) can provide evidence of niche tracking when compared with the centroid of a species' climatic niche (gray cross). If the temperature or precipitation components of the vector from the historic range centroid to the climatic niche centroid (H T and HP, respectively) agree in sign with the corresponding climatic components of the vector from the historic range centroid to the current range centroid (R T and RP), then there is evidence for tracking for that component. (C) Individual sites can be defined by vector components describing the position of a site (e.g., site 4) either historically (h T and hP) or currently (mT and mP) relative to the climatic niche centroid. These site-specific vectors are used in combinations as covariates of colonization and extinction in occupancy models. Examples of movements of range centroids for three species show different levels of climatic niche tracking (for further details and other species, see Table S1 ). (D) Lazuli Bunting showed niche tracking of both temperature and precipitation, shifting to a cooler and wetter occupied range. The light blue circle is a 95% density ellipse around the full range of historic specimens that defined the climatic niche centroid. (E) Townsend's Solitaire showed niche tracking of temperature, but not precipitation. (F) Nuttall's Woodpecker tracked neither temperature nor precipitation components of the climatic niche. Fig. 3 . Models of site-specific change in occupancy in relation to the climatic niche. Sites are observed to be either occupied (black circles) or unoccupied (white circles), and between time periods they can either go extinct (red circles) or be colonized (green circles). (A) The null model estimates a constant probability of colonization and extinction; consequently, sites are equally likely to change occupancy status regardless of their proximity to the climatic niche centroid (gray cross). (B) The static model estimates turnover probabilities as a function of the distance from a site to the niche centroid, leading to changes in occupancy at the periphery of the climatic range. (C) The dynamic model (see Methods for six formulations) incorporates the degree to which sites have shifted in climate space over time (arrows). Thus, turnover probabilities are a function of the distance from a site to the niche centroid at present, relative to where it was in the past. This leads to a directional pattern in occupancy turnover.
changing occupancy status, implying that the climatic niche has no association with colonization-extinction dynamics. Alternatively, the static model assumes the magnitude of environmental shift from climate change is small relative to the distance from occupied sites to a species' climatic niche. In this case, the climatic niche does impact colonization-extinction dynamics, but without a significant change in climate, tracking of the niche across climate space is not observed. Consequently, sites in the core of the climatic niche will remain occupied, whereas peripheral sites on the margin of climatic suitability will exhibit nondirectional turnover that is typical of a range at equilibrium (7) (Fig. 3B) . As the magnitude of environmental shift increases, however, the fate of sites depends on the direction of climate change and the position of that site in climate space relative to the species' climatic niche. Thus, the dynamic model assumes that sites in the core of the climatic niche mostly remain occupied, whereas peripheral site dynamics depend on whether climate is pushing the site toward or away from the core (31) (Fig.  3C) . In geographic space, this directional turnover may result in a range appearing to be in nonequilibrium (7) . We structured our dynamic model with five different parameterizations (see Methods), each a unique hypothesis of how colonization and extinction might be related to niche-climate dynamics.
Both the static model and the dynamic model represent niche tracking scenarios, but the difference between them lies in the relative role that climate change plays. If the magnitude of climatic shift is great relative to the proximity of sites to the niche centroid, we expect dynamic models to best describe turnover patterns. However, if sites have only shifted a small amount relative to their distance to the niche centroid, then a static model is likely to fit observed patterns better.
Results
Niche tracking was the overwhelming response of birds to climate change in our analysis. Of 53 focal bird species, 91% tracked either temperature or precipitation over time, and 26% of species tracked both temperature and precipitation (Table 1 and Table S1 ). Species tracked precipitation toward wetter conditions, but tracked temperature toward cooler or warmer conditions, depending on the species (Fig. S1 A and B) .
We next examined the degree to which major climatological factors limiting species' historical distributions also explained distributional changes over time. Some species showed niche sensitivity (inferred from MaxEnt models; see Methods) for both environmental parameters and others for only one. Across all species, for each environmental parameter showing niche sensitivity, we tested for agreement between predicted sensitivity and observed tracking. For these cases (n ϭ 57), we found that 77% of a priori predictions of gradient sensitivity agreed with observed range shifts; excluding the five species that showed no niche tracking, this agreement increased to 85% (Table 1) . Overall, a priori climatological sensitivities inferred from rangewide modeling were significantly associated with observed gra-
Both the a priori predictions of gradient sensitivity and the observed environmental factors tracked by each species were significantly related to the average elevation occupied by a species (sensitivity: F 2,50 ϭ 75.0, P Ͻ 0.001; observations: F 3,49 ϭ 20.4, P Ͻ 0.001; data in Table 1 and Table S1 ). Species tracking only precipitation were centered at an average elevation of 916 m (95% C.I.: 726-1,107 m), whereas species tracking only temperature were centered at an average elevation of 1,944 m (95% C.I.: 1,701-2,186 m). Similarly, species with western United States distributions sensitive to only precipitation were centered at an average elevation of 799 m (95% C.I.: 668-932 m), compared with an average elevation of 1,904 (95% C.I.: 1,774-2,033 m) for species sensitive to only temperature. Species sensitive to or tracking both precipitation and temperature were centered at intermediate elevations (95% C.I. for sensitivity: 609-1,257 m; 95% C.I. for tracking: 1,374-1,841 m). We also observed a similar pattern showing high correlation (r ϭ 0.923) between elevational centers of species and climatic factors limiting NPP (Table S1 ). Low-elevation species tended to occupy sites where NPP was limited by precipitation, high-elevation species tended to occupy sites where NPP was limited by temperature, and middle-elevation species tended to occupy sites where NPP was shaped by a combination of both climate variables. This finding suggests niche tracking may be governed by climate-induced shifts in NPP.
Site-specific models of colonization-extinction that incorporated niche components had greater Akaike's Information Criterion (AIC) weights than the null model for 50 of 53 species (Table S2) . For individual species, occupancy dynamics at the site were generally best explained by static or dynamic models (e.g., Fig. S1 C-F) . Averaged across all species, the null model had 0.035 model weight, compared with 0.49 for the static model, and 0.47 cumulatively for dynamic models (Table 2 ). Comparing the different models that incorporate the niche, a dynamic model had a greater AIC weight than the static model for 53% of species, suggesting a mixed response for dynamic versus static models. Within the class of dynamic models, we compared results from five different parameterizations (see Methods and Table 2 ). Of these, the directional parameterization showed generally greater support (0.18 average model weight) than any other individual dynamic parameterization. Extinction probabilities were higher (0.264 Ϯ 0.027, mean Ϯ SE) across all species than colonization probabilities (0.131 Ϯ 0.017; Table S2 ), when estimated from null models with fixed probabilities of colonization and extinction for all sites.
Discussion
For highly vagile species, like birds, the climatic niche can be a strong driver of responses to climate change. Our tests of niche tracking over the past 100 years showed that 48 of 53 bird species adjusted their geographic range as climate changed to move closer to their historically defined niche centroid for at least one environmental gradient (Table 1 and Table S1 ). Furthermore, there was strong agreement between the precipitation and temperature axes that species tracked and a priori predictions of which axes contribute most strongly to defining a species' climatic niche (Table 1 and  Table S1 ).
Our results support the use of climatic niche modeling to predict future ranges of birds as a result of climate change (21, 28, 36) . The models assume that factors limiting a species' range may also drive temporal changes to its distribution. Our results provide evidence in support of this assumption, adding to a small, but growing, body of evidence based on tests within native ranges across time (12, 13, 36, 37) .
Bird species exhibited individualistic, but generally predictable, responses to temperature or precipitation shifts. This finding suggests that the highly individualistic responses of species to past and present climate change (8, 17, 38) may be explained by differing species-specific sensitivities to climatic parameters (4, 34) and the direction of climate change relative to the climatic niche. Climate change may push some sites or populations closer to the centroid of their climatic niche and other sites or populations farther away. Species might also respond more to precipitation or changes in environmental extremes than to changes in average temperature. Thus, not all species or populations should be expected to move upward in elevation or poleward in latitude (16, 39) as they respond in climate space to a shifting environment; instead, a great diversity of geographic responses should not only be predicted (40) , but expected, especially in topographically complex environments (33) . All five species that did not track their climatic niche for either environmental factor (Nuttall's Woodpecker, California Thrasher, Anna's Hummingbird, Black Phoebe, and Western Scrub-Jay) inhabit low elevations and can easily exploit humandominated areas such as urban, suburban, and agricultural ecosystems (41) . In comparison, four species found in similar elevational ranges (Table S1 ) that avoid human-dominated areas tracked at least one environmental variable, although some species that exploit urban areas did show niche tracking (e.g., Oak Titmouse and California Towhee). The apparent association with urbanization of species that did not track their climatic niche may have implications for conservation. Species that have colonized urban, suburban, and agricultural ecosystems may be able to expand or sustain a range far from their climatic niche (either through access to key resources or use of uniquely human microclimates) and thereby escape the negative consequences of climate change.
Occupancy dynamics are the unseen mechanism behind range changes (7, 8, 31) . Incorporating the climatic niche into our models of occupancy dynamics between two time periods resulted in mixed conclusions. Niche-centric models of occupancy (i.e., static and dynamic models; Fig. 3 ) explained transitions of site occupancy better than the null model, but evidence was equivocal as to whether climate change strongly impacted these transitions. This outcome could result from using climatic variables in defining the fundamental niche that were less important than other unexamined variables. For example, our results indicate that focal bird species may have tracked changes in temperature and precipitation through their combined influences on annual NPP, a variable implicated in a similar response to climate change in eastern North America (13) . The importance of NPP could indicate that factors affecting energy availability are shaping range limits rather than, or in addition to, physiological tolerances to climatic extremes.
The role of climate change in shaping site turnover dynamics should be considered in relation to the relative magnitude of climatic shift (Fig. 2C) . If climate change shifts sites in environmental space only a small amount relative to their distance from the niche centroid, then we may not expect to detect a strong signal of dynamic niche tracking. As climate change continues to shift environmental conditions of sites, more species may be likely to exhibit site turnovers leading to range change, which may be especially true, given that the magnitude of expected climate change by 2100 appears likely to exceed the observed change in the preceding century (42) . Our analyses indicate that niche tracking appears widespread, albeit variable, in birds and may be the guiding principle through which we expect to see other species respond.
Methods
Observational Data and Species Ranges. Historic and modern species observations originated from the Grinnell Resurvey Project, a large-scale multitaxa resurvey of the vertebrate fauna of the Sierra Nevada (17, 33) . Historical observations were made outside of the winter (earliest was March 26 and latest was October 15, with 82% between May 1 and July 31) between 1911 and 1929 at 82 sites along four cross-sectional elevational transects (Fig. 1) as part of regular surveys or ''pencil censuses'' of birds by Grinnell and colleagues at the Museum of Vertebrate Zoology, University of California, Berkeley. Historical surveys were repeated at 76% of sites, with a maximum of 17 repeat surveys (median ϭ 3). Modern observations entailed resurveys of historical sites using point counts along transects, conducted by five different observers between 2003 and 2008. Variable-distance point counts (43) lasted 7 min, and stations were placed a minimum of 250 m apart along routes that followed, 
0.044 *Occupancy models also include detectability (p) and occupancy (0). See Methods for details on these parameters and definitions of variables. † Number of parameters is based on constant detectability and occupancy models. ‡ Weights are averaged across results from 53 species § AIC weight given as the sum of the weights of the following six dynamic models. ¶ The binary variable ⌬ is given the value of 1 when the site is moving toward the niche center on an environmental axis, and 0 when the site is moving away from the niche center.
as closely as possible, to historic survey paths. Sites were repeatedly surveyed a maximum of five times (median ϭ 3) between May 4 and August 25.
Of the 240 total bird species detected during historical and modern surveys, we selected 53 focal species that matched desired criteria. First, we selected species that were restricted primarily to the western United States. Two westernrestricted subspecies, formerly considered full species, ''Audubon's'' YellowRumped Warbler (see Table S1 for taxonomy) and the ''red-shafted'' Northern Flicker, were also included. Second, species had to occur during both sampling eras at nine or more survey sites, with four exceptions that were added a priori for their strong association to the western United States and the Sierra Nevada: American Dipper (11 historic sites, 6 modern sites), Anna's Hummingbird (5 sites, 37 sites), California Thrasher (7 sites, 6 sites), and Pacific-Slope Flycatcher (7 sites, 10 sites). Our final group of 53 species was distributed across the elevational range (see Table S1 for average elevations of each species).
Specimen Data and the Climatic Niche. Historical specimen data (1860 -1940) used to estimate the climatic niche were assembled from museum collections accessed through ORNIS (http://olla.berkeley.edu/ornisnet). ORNIS is a data portal that facilitates easy access to Ͼ35 million unique bird records (specimen and observational) housed by 45 different providers. We downloaded all available specimen records for each species. Specimens without georeferences, or with low coordinate precision (Ͻ3 decimal places, in decimal degrees), were excluded, as were records post-1940 and specimens collected outside of the breeding season (breeding in California generally occurs between March and August for resident species and between May and July for migrants). Most specimens from most museums do not yet have estimates of georeference uncertainty (44) , so uncertainty was not used as a criterion for inclusion. Obvious outliers, including vagrants or incorrect georeferences, were also excluded. With the exceptions described previously, all subspecies of each species were used, providing thorough coverage of the entire known geographic range for each species. Geographic coordinates were sorted within species, and duplicate coordinates were eliminated to reduce sampling bias. The average number of unique specimen localities for species was 148 (SD ϭ 63). We used these historical species locations to calculate the centroid of the climatic niche for each species.
Climate Data. Monthly mean minimum temperature, mean maximum temperature, and total precipitation were obtained from the parameterelevation regressions on independent slopes model (PRISM). PRISM is a knowledge-based system that generates monthly by yearly climate surfaces using mathematical interpolation and expert knowledge (45, 46) . PRISM data are made freely available at 2.5-arc-min spatial resolution (Ϸ4 ϫ 4 km), a scale reasonable for both the specimen and observational data. We used the monthly variables to compute mean estimates of temperature and precipitation during the breeding season (May through July) sampled in both eras (1910 -1930 and 1986 -2006) . We also used estimates of historical annual mean temperature (T) and annual precipitation (P) to determine which of the two original climate variables limited NPP under the Miami model (47) , where NPP ϭ minͩ 3,000 1 ϩ e 1.315Ϫ0.1197⅐T , 3,000͑1 Ϫ e Ϫ0.000664⅐P ͒ͪ .
Historical and modern climate values were extracted for locations of specimen and observational data for use in analyses. While the average breeding season precipitation in the Sierra Nevada is relatively low (maximum ϭ 83 mm), this variable was highly correlated with average annual precipitation for our sites (r ϭ 0.96 for historical; r ϭ 0.94 for modern). Breeding season temperature was also highly correlated with annual mean temperature (r ϭ 0.99 for historical; r ϭ 0.99 for modern). Breeding season values were used for site-specific climate values, because they provided direct a priori links to changes in avian breeding season occurrence.
A Priori Hypotheses of Niche Tracking. We used a maximum entropy technique implemented in MaxEnt (48, 49) to determine a priori whether each species' historical range-wide distribution was shaped more by temperature or precipitation. MaxEnt models were developed by using standard default settings in version 3.2.1 of the program (automatic selection of response functions; maximum number of background points, 10,000; background, conterminous United States). Climate variables were historical breeding season estimates of mean temperature and precipitation. Models were developed by using all spatially unique historical specimen localities for each species. We used the percentage contribution of each variable to the model to develop testable hypotheses of species' niche sensitivity to breeding season temperature versus precipitation. Absolute scores of contribution to variables were not directly comparable within species, so scores were standardized relative to the median contribution of each variable across all species. A species with, for example, a precipitation contribution greater than the median precipitation contribution across all species, would have precipitation selected as an a priori predictor of niche sensitivity. All species had either a temperature or a precipitation score greater than the median, and four species had both.
Occupancy Modeling. Multiseason occupancy models (35) were built to examine site-specific occupancy dynamics as a predictive driver for niche tracking throughout a range. Multiseason occupancy models simultaneously estimate a probability of detection (p), an initial probability of occupancy ( 0), a probability of colonization (␥), and a probability of extinction () based on histories of presence and nondetection at sites over time. The strength of these models lies in being able to estimate occupancy parameters while taking into account the probability that a species was present and went undetected at each site, which is critical when dealing with historical occurrence data (17) . We fit covariates to occupancy parameters in two stages, following ref. 17 . First, we ran four detectability models for each species (allowing detectability to vary by survey era or Julian day) with constant (no covariates) models for 0, ␥, and . Models were compared by using AIC (50) . The best detectability model (highest AIC weight, wi) for each species was used to parameterize p for all subsequent colonization and extinction models for that species.
Second, eight occupancy models were compared by using different combinations of covariates for ␥ and (35). The null model (Table 2 and Fig. 3A ) had no covariates (i.e., constant probability of ␥ and ). The static model (Table  2 and Fig. 3B ) used the temperature and precipitation vectors hT and hP (Fig.  2C) , which measure the distance from each site's historic climatic location to each species' niche centroid, as covariates for ␥ and . The dynamic models (Table  2 and Fig. 3C) were divided into two different sets based on covariates of colonization and extinction. The first set (directional dynamic) used only whether climate change pushed a site toward or away from the climatic niche centroid (represented by a binary variable, ⌬). The second set (relative dynamic) used a relative distance index, ␦, to examine how climate pushed a site relative to its starting and ending proximity to the climatic niche centroid. We defined:
␦ T ϭ e ͩ Ϫ͉m T ͉ ͉h T ͉ ͪ and ␦ P ϭ e ͩ Ϫ͉m P ͉ ͉h P ͉ ͪ , where mT and mP are the temperature and precipitation components of the vector from the modern climate at a site to the niche centroid (Fig. 2C ). This index, ␦, approaches zero when a site is located very close to the climatic niche centroid and then is moved by climate change very far away. It approaches one when a site is located far away from the climatic niche and is moved by climate change to the centroid of the niche. A site that does not change distance (i.e., no climate change) from the niche mean would have a value of ␦ equal to 0.37 (e Ϫ1 ). We tested five different types of relative dynamic models (Table 2 ): a full model where ␦T and ␦P were covariates of both ␥ and , and the four possible combinations of either ␦T or ␦P as single covariates of ␥ and .
All eight occupancy models were compared and ranked by AIC weight, which gives an estimate of the weight of evidence from the data in support of a particular model (50) . To compare directly among hypotheses, the AIC weight of each model in the model set was calculated. The cumulative weight for all dynamic models (50) was compared with the static and random models.
